The catalytic addition of water to alkynes (hydration) generates valuable carbonyl compounds from unsaturated hydrocarbon precursors. Traditional mercury(II) catalysts hydrate terminal alkynes with Markovnikov selectivity to methyl ketones. Much research has been devoted to finding catalysts based on less toxic metals, the most promising being gold(I), gold(III), platinum(II), and palladium(II). Catalytic anti-Markovnikov hydration of terminal alkynes to aldehydes has been realized in an efficient manner with ruthenium(II) complex catalysts. The present review article lists known hydration catalysts and discusses applications of catalytic hydration to different classes of substrates, with an emphasis on functional group tolerance and regioselectivity. 
Introduction
The addition of water to alkynes is a synthetic method for generating carbonyl compounds. The transformation is classified as a dihydro, oxo-biaddition, but may usually be divided into a hydro-hydroxylation of a triple bond, followed by tautomerization of the intermediary alkenol. 1 The hydration of terminal alkynes gives either a methyl ketone (Markovnikov addition) or an aldehyde (antiMarkovnikov addition; Scheme 1a), whereas non-symmetrical internal alkynes can give two regioisomeric ketones (Scheme 1b).
Unlike many other syntheses of carbonyl compounds, the hydration of alkynes is an atom-economical 2 addition without energy-intensive redox chemistry. The reaction is exergonic, though: hydration of acetylene (g) to acetaldehyde (g) is characterized by D r G = -105.8 kJ/mol and D r H = -111.2 kJ/mol, 3 and hydrations of higher alkynes are slightly more exergonic; for example, propyne (g) → acetone (g): D r H = -118 kJ/mol and 1-butyne (g) → 2-butanone (g): D r H = -117 kJ/mol. 3 This reaction opens a door between alkyne chemistry and carbonyl chemistry, and thus its potential for use in organic synthesis is enormous, provided the transformation can be carried out selectively under mild conditions.
The chemical union of apolar hydrocarbons with water is against their 'affinities': reaction half-lifes of >20 000 years have been estimated for the uncatalyzed hydration of alkyl alkynes in acetone at 70°C (see section 3.4.1)! For this reason, a hydration catalyst is required, the role of which is to polarize the alkyne unit to facilitate attack of water. Since Kucherov's observation in 1881 that mercury(II) salts catalyze the hydration of alkynes under mild conditions (see section 3.2), the reaction has seen many applications in synthesis. The toxicity of mercury compounds and the problems associated with their handling and disposal make the Kucherov reaction unsuitable for modern, sustainable organic synthesis or any large-scale application. A steady development of alternative alkyne hydration catalysts has taken place over the past 30 years, nurtured by the desire to replace mercury(II) by less toxic and more active metal catalysts (see section 3.3).
Another focus of research emerges from the recent fascinating discovery of anti-Markovnikov hydration of terminal alkynes to give aldehydes (Scheme 1a). The first catalyst was found in 1998, and the methodology has already seen an impressive development (see section 3.4). The current article reviews most of the literature on catalytic methodology and selected examples of synthetic applications of catalytic alkyne hydration. By presenting (a) recent developments in non-mercury-based catalytic methodology together with (b) established synthetic applications, we hope to encourage use of the former towards improving the latter. Indirect methods of hydration using nucleophilic additives (e.g., hydroamination/ hydrolysis) are only included in the application section, where their use is typical for certain substrates. Redox procedures for formal alkyne hydration, such as hydroboration-oxidation sequences, 4 are not covered. Alkyne hydration has a long history, and it was not possible to cover all the literature; related books and articles may be con-sulted for additional information. The synthesis of aldehydes 5 and ketones 6 from alkynes has been reviewed, as have regioselective catalytic additions of heteronucleophiles to alkynes (and alkenes) 7 and the activation of O-H bonds by transition metals. 8 Older reviews on the hydration of acetylenic compounds from 1963 in French 9 and of the Kucherov reaction from 1952 in Russian 10 exist. Information on alkyne hydration is also found in reference works on alkyne chemistry. [11] [12] [13] [14] [15] Finally, we note that the term hydrolysis is sometimes incorrectly applied to the title reaction; since lysis implies the cleavage of a bond, whereas hydration denotes addition of water, the latter is the correct description of the title reaction.
Scheme 1 General scheme of alkyne hydration.
Timeline
Berthelot discovered acetylene in 1860 and described its hydration in sulfuric acid to give a product initially believed to be vinyl alcohol, 16 but later identified as a mixture of acetaldehyde and crotonaldehyde. 17 Meanwhile, propyne (allylene gas) had been hydrated to acetone by means of sulfuric acid and water. 18 The concept of alkyne hydration was thus known when Kucherov (M. G. Kucherov, 1850 Kucherov, -1911 ; M. Kutscheroff in German transliteration) described the mercury salt catalyzed hydration of alkynes in 1881. 19 The reaction is one of the earliest examples of homogeneous metal-complex catalysis. 20 Starting from 1916, acetic acid was produced in Germany on an industrial scale from acetylene via hydration to acetaldehyde followed by manganese-catalyzed air-oxidation. 21 Acetylene was initially prepared from water and calcium carbide, but already in the 1940s, thermal cracking of methane started to supersede the energy-intensive carbide process as source for acetylene. 22 Based on the hydration of acetylene, a variety of industrial chemicals have been produced on large scale over many years (Scheme 2).
Catalytic hydration of higher alkynes had rarely been used in synthetic research, and procedures for hydration of terminal alkynes in organic media were not published until 1938. 24 Partly as a consequence of ' including studies on the hydration of higher alkynes, which continued into the late 1960s. Up until the 1970s, acetylene remained a primary cheap organic raw material, but ethene and propene have now surpassed it in importance; still, acetylene is used in the production of vinyl derivatives, acrylates and acetylenic chemicals. 22 After the introduction of the Wacker process (ethene + O 2 → acetaldehyde) and acetic acid syntheses based on carbonylation of methanol, industrial acetylene hydration became obsolete. 26 Pollution by toxic mercurial waste had always been an inherent problem of the process, as illustrated by the shocking case of Minamata disease: many people in the city of Minamata (Japan) died or suffered from intoxication by methylmercury compounds, because the fish they ate had accumulated the poison from untreated waste-waters of an acetaldehyde-producing factory. 27 The search for new and more efficient processes for alkyne hydration, based on metals other than mercury, has continued over the years, as documented in section 3.3. Applied alkyne chemistry has experienced a recent revival with the advent of catalytic cross-coupling methodology and its application in synthetic, materials and supramolecular chemistry. 28 In 1998, catalytic anti-Markovnikov hydration of terminal alkynes to aldehydes was discovered (see section 3.4), and in 2002, highly active gold(I) catalysts for Markovnikov hydration of alkynes were described (see section 3.3.5); clearly, research on alkyne hydration is making steady and growing progress.
Biographical Sketches

Alkyne Hydration Catalysts
This section describes catalysts that have been reported to hydrate alkynes, together with reaction conditions and, for the more thoroughly investigated systems, generalized information on substrate range in tabular form.
Brønsted Acid and Base Catalysts
Acetylene and terminal alkynes have been hydrated to Markovnikov products in pure water at elevated temperatures (200-350°C; see Table 1 ). [29] [30] [31] Microwave irradiation is the procedure of choice in recent reports. 30, 31 Electron-rich aryl-alkynes react readily, aliphatic substrates with more difficulty. Addition of gold(III) bromide accelerates the reaction, presumably by acid catalysis. 31 Even in pure water, the hydrations are probably catalyzed by H 3 O + , and the addition of protic acids certainly increases reaction velocity. Alkynes are hydrated to ketones in dilute sulfuric acid at 280°C. 32 The hydration of activated p-donor-(het)aryl-substituted alkynes is readily mediated by p-toluenesulfonic acid (p-TsOH) in alcohols at reflux 33 or with microwave heating. 34 Activated hetaryl-alkynes are also hydrated by stoichiometric sodium sulfidehydrochloric acid aq in methanol 35 (see section 5.1.12 for applications in hetaryl systems). Truly catalytic amounts of trifluoromethanesulfonic acid (TfOH) or trifluoromethanesulfonimide (Tf 2 NH) hydrate alkynes in hot dioxane, 36 and acidic ion-exchange resins mediate the reaction in water at reflux (p-MeOC 6 H 4 C≡CH) 37a or 60-70°C (PhC≡CR).
37b Many other procedures use stoichiometric or excess amounts of acid: p-acceptor-alkynes are hydrated by dissolution in cold, concentrated sulfuric acid, followed by dilution with water. 38 A mixture of phosphoric acid and boron trifluoride hydrates alkynes in benzene-acetonitrile (1 h; 60-70°C; 54-73%). 39 Activated aryl-or hetaryl-alkynes react in trifluoroacetic acid containing a little water at room temperature 40 (section 5.1.12). Many alkynes are hydrated in refluxing formic acid;
41 notably, formic acid catalyzes its own addition to the alkyne, and the intermediary enol formate undergoes decarbonylation (Scheme 3).
41b, 42 With less activated alkynes, Ru 3 (CO) 12 is added as a catalyst for the addition of carboxylic acids to alkynes in order to facilitate the reaction.
41b
Scheme 3 Alkyne hydration mediated by formic acid. 42 Aryl alkynes are hydrated in dilute acid at room temperature under irradiation with ultraviolet light (photohydration; l = 254 nm), because the excited states are more strongly basic than the ground state, which facilitates vinyl cation formation. 43 Alkynes have been hydrated over phosphoric acid on solid support at 150-350°C in the vapor phase. 44 There is extensive literature on hydration over solid metal oxides or phosphates in connection with mercury-free production of acetaldehyde; mixed cadmium phosphomolybdates are the most active catalysts. 9, 11, 13, 45 Such catalysts are probably best characterized as solid acids. 45a Catalyst deactivation is often a problem. 46 Base-catalysed hydrations of alkynes are less common, since carbonyl compounds are not stable under the reaction conditions. p-Acceptor-substituted alkynes react by conjugate addition of hydroxide ion to Scheme 2 Base-chemicals from acetylene, around 1950.
give stable enolates of b-keto-compounds; stoichiometric amounts of base are required for full conversions. 47 The base-catalyzed addition of alcohols to alkynes results in vinyl ethers or acetals, which can be hydrolysed in a separate step. 25f Scheme 4 p-Acceptor-alkyne hydration via a dioxolane acetal. 48 p-Acceptor alkynes can be hydrated via base-catalyzed addition of ethylene glycol to a dioxolane, followed by transacetalization in acetone (Scheme 4).
48
The most common way of hydrating p-acceptor alkynes, including propiolic acid amides, esters and nitriles, is the Moureu method, which proceeds by stoichiometric conjugate addition of primary or secondary amines followed by an acid-mediated hydrolysis. [49] [50] [51] For application examples, see section 5.1.9.
Mercury Catalysts
The mercury(II) salt catalyzed hydration of alkynes is the classic method that continues to be in use because of its reliability. In 1881, Kucherov found that mercury(II) salts mediate the hydration of acetylene to acetaldehyde, and of higher terminal alkynes to ketones. 19a, 52 Even though the quantity of mercury salt was not specified, its catalytic nature was recognized and compared to that of an enzyme. and mercury(II) trifluoromethanesulfonate and tetramethylurea (TMU) in acetonitrile-dichloromethane-water (see Table 2 ). 56 The most popular catalyst is an acidic solution of mercury(II) sulfate, often obtained by dissolution of mercury(II) oxide in aqueous sulfuric acid, that is diluted in organic solvents such as alcohols, acetone, acetic acid, 24 formic acid, tetrahydrofuran, dioxane, acetonitrile, or dichloromethane and chloroform (in mixtures with other solvents); for typical applications, see section 5. Several practical procedures have been published. 57, 58 Mercury(II) oxide (HgO) exists in both yellow and red variety, but the materials differ only in particle size, and both can be used. The addition of iron(III) sulfate prolongs catalyst lifetime through reoxidation of mercury(0) to active mercury(II). 26 As already noted in the development of technical hydrations of acetylene, the presence of excess acid (H 2 SO 4 , H 3 PO 4 , sulfonic acids, AcOH, etc.) accelerates the reaction. 21 If a strongly acidic reaction medium is not desirable, pyridinium p-toluenesulfonate (PPTS) may be used, 59 or the acid is simply omitted, 60 or stoichiometric methods are applied (see below).
The counterion of the mercury salt is important for reaction kinetics; non-nucleophilic counterions give faster reactions, but their solutions tend to be less stable towards precipitation of elemental mercury. An important catalyst in this respect is that developed by Hennion and Nieuwland, 61 which is prepared by dissolution of mercury(II) oxide in methanol by addition of boron trifluoride-diethyl etherate. 61a,b Even better results are obtained by addition of cocatalytic trichloroacetic acid (0.3 equiv relative to HgO).
61c,d These preparations may contain fluoroborate counterions. 61a The Hennion-Nieuwland catalyst mediates the addition of alcohols (and carboxylic acids) to triple bonds, but an acidic workup of the acetals Another kind of non-nucleophilic counterion is provided by ion-exchange resins as solid supports for mercury(II).
63
Sulfonated polystyrene resins or the perfluoroalkylsulfonic acid based Nafion polymer 63b are suitable. 63 The simple handling and work-up (by filtration) are advantageous. To conclude on the use of mercury catalysts, both the Kucherov (HgO/H 2 SO 4 , etc.) and Hennion-Nieuwland catalysts are powerful tools that have seen many applications over the years, with minor variations. Little improvement of the basic methodology has occurred except for the introduction by Nishizawa and co-workers of Hg(OTf) 2 ·2TMU in acetonitrile-dichloromethane as an efficient catalyst at room temperature. 56 For mercury(II) in general, catalyst loadings from 0.1 mol% to excess (≥250 mol%) have been reported, but the range of 2-10 mol% is more usual. Reaction temperatures range from -20°C 64 or, more typically, room temperature, to reflux temperature of the organic solvent. Reaction times vary from minutes to a day. Little information about systematic attempts to optimize catalyst loading or other reaction parameters is available.
The hydration of alkynes has also been carried out with stoichiometric amounts of mercury reagents. Possible reasons for doing so are: milder reaction conditions, shorter reaction times, higher yields, or the convenience of weighing out larger quantities of catalyst in the case of small-scale reactions. In the industrial production of acetaldehyde, acetylene gas is introduced into an aqueous solution containing mercury(II) sulfate and sulfuric acid at 90-95°C. An excess flow of acetylene removes acetaldehyde as it is formed and thereby reduces secondary reactions (aldol condensations, oxidation), which lead to precipitation of metallic mercury. The addition of iron(III) sulfate prolongs the lifetime of the catalyst solution, since it oxidizes mercury(0) to the active mercury(II) catalyst. Different process schemes exist; however, the industrial production of acetaldehyde by this method has been discontinued in most countries. 
Non-Mercurial Catalysts for Alkyne Hydration
The section is organized as a walk through the periodic system to highlight catalytic activity of metals and nonmetals in a hopefully comprehensive way.
Groups 1 through 7 and Lanthanides
There are very few alkyne hydration catalysts in the first third of the periodic system of elements from the left. A single report on cerium(IV) sulfate catalyzed alkyne hydration has appeared. 69 A versatile methodology has been developed with zero-valent Mo(CO) 5 (L) (L = Et 3 N, solvent) for mediating cyclizations of alkynols, 70 but no related hydration chemistry has been described.
Analogous reactions are known with tungsten hexacarbonyl, which acts as a catalyst when activated by UV irradi- ation and heating (Scheme 5). 71 The combination of [W(CO) 5 (THF)] and o-ethynylacetophenone with water gave 1,2-diacetylbenzene via neighboring group attack to complexed alkyne and hydrolysis. 72 In a model study aimed at reproducing enzymatic alkyne hydration activity of tungsten-iron-sulfur enzymes (section 3.5), the tungsten(IV) complex (Et 4 N) 2 [W(O)(mnt) 2 ] (mnt = maleonitrile dithiolate) was identified as a catalyst for hydration of acetylene to acetaldehyde (nine turnovers in four hours at ambient temperature) which was isolated as the dinitrophenyl hydrazone.
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Scheme 5 Anti-Markovnikov hydroalkoxylation catalyzed by a tungsten complex. There are no iron catalysts for alkyne hydration, but the stoichiometric hydration of phenylacetylene to acetophenone is mediated by the combined action of iron(III) chloride/water. 74 a-Chlorostyrene was an intermediate in the reaction, which appears to be a Brønsted acid mediated addition of water and hydrochloric acid to the alkyne. Acetophenone was also generated from phenyl acetylene with iron(III) chloride and either acetic acid or camphorsulfonic acid. 75 Ruthenium is one of the prominent elements in research on alkyne hydration chemistry. In 1961, hydration of simple acetylenes and phenyl propiolic acid in solutions of ruthenium(III) chloride in hydrochloric acid ( 77 and ruthenium(III)-loaded Nafion ion-exchange resin hydrates 3-methylbut-1-yn-3-ol to the hydroxyketone. 78 In spite of such precedence and the rich organometallic alkyne activation chemistry of ruthenium(II), a broadly applicable hydration catalyst has not been found over the years. A mechanistic study by Bianchini and coworkers shed light on possible reasons for catalyst deactivation: 79 whereas ruthenium(II) readily forms vinylidene complexes that add water to give ruthenium-acyl species, the latter decompose to inactive carbonyl complexes with release of alkane rather than aldehyde (Scheme 6).
Scheme 6 Bianchini mechanism for alkyne splitting by water. 79 In the course of studies on anti-Markovnikov hydration (section 3. 4 Complexes [RuCl(P-P)(arene)]Cl (P-P = diphosphane or 2 Bu 3 P) show catalytic activity for aryl alkyne hydration after pre-treatment with two equivalents of silver hexafluoroantimonate(IV). 83 The in situ generated species hydrate aryl alkynes (electron-rich substrates react faster) at room temperature, but alkyl acetylenes do not react; a large excess of water stops the catalysis. 83 The Catalytic activity has not been reported for cobalt, but the heavier elements have a well-documented alkyne addition chemistry. The catalytic hydration of acetylene in an aqueous acidic solution of rhodium(III) chloride was found to be three times faster than that of ruthenium(III) chloride (vide supra), but deactivation was also a problem for the rhodium system. 86 Catalysts composed of rhodium(III) chloride and quarternary ammonium salts (see Table 4 ) provide Markovnikov products from terminal alkynes and regiosomeric mixtures from internal alkynes, both in low yields. 87 Kinetic parameters for this catalyst system were recorded; [RhCl 4 
-was also immobilized on an ion-exchange resin 88 and the resulting material had some activity in the hydration of aromatic terminal alkynes. 88 The catalytic activity of iridium(III) chloride in combination with a quarternary ammonium salt was noted in passing. 87 A water-soluble iridium(I) complex [IrCl(TPPTS) 2 (CO)] [TPPTS = (m-NaOSO 2 C 6 H 4 ) 3 P] catalyzes the hydration of terminal alkynes and of acetylene (900 turnovers), whereas internal alkynes did not react. 89 Notably, water was much less efficient as solvent than organic media containing 10% of water; presumably, competitive coordination of substrates and water at the metal center plays a role. Methanol was also added to alkynes, giving acetals, but at a lower rate. 89 The precursor complex [Ir(COD) 2 ]BF 4 , in combination with triisopropyl phosphite and zirconium(IV) chloride or other chloridecontaining Lewis acids, hydrates alkynes at low catalyst loadings. 90 With some changes, namely triethyl phosphite as coligand and aluminum trichloride as Lewis acid, this catalyst also generated acetals by addition of methanol or higher alcohols to terminal alkynes. 90 The iridium(III) complex [Ir(Me)(OTf)(CO)(H 2 O)(PPh 3 ) 2 ]OTf catalyzes acetalizations of terminal alkynes by several a,w-diols; the cyclic acetals are hydrolyzed separately to methyl ketones, whereas direct catalytic hydration was not possible. 91 The interaction of the iridium(III) aqua complex [Cp * Ir(III)(bpy)(
(Cp* = h 5 -pentamethylcyclopentadiene) with phenylacetylene was investigated in aqueous solution at 70°C. 92 Either metal-acyl or metal-2-oxoalkyl (ketonyl) species were formed, depending on the pH of the medium, but only three turnovers to acetophenone were observed at 80°C and pH 1. As with the previous groups, the first-row element of group 10, nickel, does not catalyze alkyne hydration, whereas the second-and third-row elements do. A species generated from cis-dichlorobis(dimethylphenylphosphine)palladium(II) [Pd(PhPMe 2 ) 2 Cl 2 ] and silver tetrafluoroborate catalyzes the addition of water to dimethyl acetylene dicarboxylate in refluxing acetone. 93 Extensive studies by Utimoto and co-workers on the use of palladium(II) chloride (or solvates like [PdCl 2 (MeCN) 2 ]) as catalysts for cycloisomerizations of alkynols or alkynyl ketones to oxygen heterocycles also resulted in protocols for hydration of the same substrates (Table 5) . 94 Internal alkynes bearing two alcoholic groups in suitable distance give spiro-acetals instead (Scheme 7).
94,95
Scheme 7 Palladium(II)-catalyzed cycloisomerization of alkyne diols. 94 The palladium(II) chloride catalyst is highly specific for hydrations assisted by anchimeric assistance (neighboring group participation), and simple alkylacetylenes do not 
usually undergo hydration. Ultrasound irradiation has been recommended, but seems not to be mandatory. 96, 97 Modified conditions use tetra-n-butylammonium chloride as phase-transfer catalyst in a two-phase dichloromethane/aqueous hydrochloric acid system. 98 Among other palladium(II) compounds, the complex tetraaminepalladium(II) chloride [Pd(NH 3 ) 4 Cl 2 ], in the presence of iron(III) sulfate and sulfuric acid, hydrates acetylene, 99 and a Nafion/palladium(II) resin hydrates a propargylic alcohol. 78 In a study concerning the preparation of alkyne-platinum(II) complexes, hydrations of alkynes in ethanolic sodium tetrachloroplatinate(II) hydrate (Na 2 PtCl 4 ·4H 2 O) solution were mentioned in passing. 100 Jennings and coworkers established that Zeise's dimer [{PtCl 2 (C 2 H 4 )} 2 ], or simply platinum(II) chloride and other platinum halides, are catalysts for the hydration of terminal an internal alkynes at rather low catalyst loading. 101, 102 The regioselectivity of the catalyst for hydration of internal alkynes was compared to mercury catalysis (see sections 5.1.7 and 9). 103 The platinum(II) catalysts hydrate selectively in the presence of a large excess of alcohol, but upon addition of co-catalytic non-nucleophilic base (Na 2 SO 4 , MgSO 4 , 2,6-di-tert-butylpyridine) alcohols also add to give acetals directly. 104 No added base was necessary for the cyclization of alkynols to acetals or spiro-acetals with Zeise's dimer. 95 Platinum(IV) chloride catalyzes the hydration of alkynones in aqueous tetrahydrofuran or under phasetransfer conditions, 105 but a superior catalyst is generated in situ from platinum(IV) chloride and carbon monoxide (14 bar), followed by reaction under carbon monoxide (1.4 bar).
106 Reactions are performed in either homogeneous tetrahydrofuran solution or a two-phase system with a quaternary ammonium chloride (Table 5) . 106 High yields (>90%) were initially reported for alkyl, aryl and internal alkynes, but problems with reproducibility were later mentioned and considerably lower yields were achieved.
106b
The active species is presumably
(n = 5,6) and hydrochloric acid. 106 The water-soluble complex cis-(TPPTS) 2 PtCl 2 catalyzes regioselective hydrations of both pent-4-yn-1-ol and pent-3-yn-1-ol to the common product 5-hydroxy-2-pentanone, as expected from a mechanism with anchimeric group assistance. 107 A sulfonated version of the chelating ligand DPPE (1,2-bis-diphenylphosphinoethane), DPPETS ({m-NaO 3 SC 6 H 4 } 2 PCH 2 CH 2 P{m-C 6 H 4 SO 3 Na} 2 ), is also catalytically active in the same model reactions, 108 but hydrations of other alkynes were not reported.
3.3.5 Group 11: Copper, Silver, Gold
Vartanyan and co-workers developed a catalyst composed of copper(I) chloride (28-34%), ammonium chloride (14-18%), mineral acids (e.g., HCl, 1-3%) and a sulfide additive, either inorganic (hydrogen sulfide, sodium sulfide, or heavy metal sulfides; 0.4-3%) or organic (1-octanethiol, mercaptobenzoic acid, thioglycol) for the catalytic hydration of acetylene at 80-85°C (see Table 6 ). 109 The hydration of propyne with this catalyst led to mixtures of Markovnikov and anti-Markovnikov products in ratios (acetone/propanal) from 10.5 down to 1.6 with increasing amounts of copper(I) sulfide as additive (Scheme 8).
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Scheme 8 Copper-catalyzed hydration in presence of sulfide additives. 110 Organic thiol additives had similar effects, 111 and their steric size affected the regioselectivity of the reaction.
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The generation of aldehydes was explained by the intermediacy of a vinyl sulfide and its hydrolysis. Copper(I) chloride clusters were proposed to be the active catalysts in the presence of thiol additives. 113 These and other 114 copper catalysts have been investigated as replacements 
for mercury catalysts in industrial-scale hydration of acetylene or propyne. The kinetics of copper(I)-catalyzed hydration of acetylene has been determined in the course of a study on the dimerization of acetylene to vinylacetylene, where hydration is a side-reaction. 115 Furthermore, copper(II) trifluoromethanesulfonate and copper(II) tetrafluoroborate are catalysts for the hydration of 2-methylbut-3-yn-2-ol (10 mol%). 78 A copper(II)-exchanged Nafion resin hydrates several alkynes rather slowly. 78 Non-coordinating counterions are important for the catalytic action; for example, copper(II) acetate is not active in the hydration of simple alkynes, 54, 78 though it mediates the hydration of N-propargylamides with anchimeric assistance (Scheme 9).
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Scheme 9
Copper-catalyzed hydration with anchimeric assistance. 116 Silver has a high affinity for alkynes, and cationic sources of the metal (AgOTf, AgPF 6 ) can activate alkynes towards attack of oxygen nucleophiles, mostly in cyclization reactions. 117 Hydration is realized in the case of anchimeric assistance; silver nitrate is a catalyst for the hydration of N-propargylamides (compare with Scheme 9) with intermediacy of an oxazoline. 116 Intermolecular reactions are less common for non-activated alkynes. The hydration of 2-methylbut-3-yn-2-ol was catalyzed by silver trifluoromethanesulfonate with difficulty, 78 but this salt catalyzes the addition of alcohols to pacceptor alkynes more readily. 118 The catalytic hydration of alkynes with a gold catalyst (HAuCl 4 ) was observed in 1976. 119 Later, a synthetically useful protocol appeared for alkyne hydration with sodium tetrachloroaurate(III) (NaAuCl 4 ) as catalyst under almost neutral conditions (pH 5). 96, 120 Terminal and internal alkynes are hydrated in excellent yields, but propargylic alcohols do not react. 120 In anhydrous methanol, dimethylacetals are formed. The failure of K[Au(CN) 2 ] to act as a catalyst was taken as evidence for a gold(III) rather than a gold(I) species as the active catalyst, 120 but the cyanide complex is probably not a good model for the kind of gold(I) species that forms under reaction conditions. The question of gold(III) versus gold(I) has become more stringent in light of recent success with gold(I) catalysts (see below). Sodium tetrachloroaurate(III) catalyzes the Meyer-Schuster reaction of internal propargyl ethers to a,b-unsaturated ketones, whereas a terminal propargyl ether gave the regular hydration product. 121 A variety of gold(III) organometallic compounds, containing Au-C 6 F 5 or Au-Mes (Mes = 2,4,6-trimethylphenyl) units and chloro ligands are catalyst precursors for the hydration of phenylacetylene and hept-1-yne under neutral or acidic (HOTf, H 2 SO 4 ) conditions. 122 The best results were obtained with mononuclear complexes bearing electronegative ligands such as NBu 4 [Au(C 6 F 5 ) 2 Cl 2 ] or PR 4 [Au(Arl)Cl 3 ], whose activity was similar to that of sodium tetrachloroaurate(III). Higher turnover numbers were achieved in acidic media. Complexes of gold(III) chloride with neutral donors (triphenylphosphine, tetrahydrothiophene) were either poor catalysts or inactive. 122 In 1998, Teles and co-workers at BASF reported that cationic gold(I) complexes of the type [L-Au + ] (where L is a phosphane, arsane or phosphite) are highly active catalysts for additions of alcohols to alkynes in the presence of an acid co-catalyst (such as MeSO 3 H) (Scheme 10). . 123 Prior to this report, gold was intuitively considered by many chemists to be insufficiently reactive for applications in catalysis.
123, 124 Extension of this catalyst system to alkyne hydration was achieved simply by choice of aqueous methanol as the solvent and a range of simple alkynes as substrates. 125 Terminal aliphatic and aromatic alkynes react in good to excellent yields at low catalyst loadings. Tertiary propargyl alcohols require catalyst loadings of 1 mol% and give mixtures of ketoalcohols and rearranged a,b-unsaturated aldehydes (Meyer-Schuster reaction). Either the additive triphenyl phosphite or the use of an atmosphere of carbon monoxide resulted in improved catalyst stability and activity (TOF up to 15600 h -1 at 70°C, 0.005 mol% of [Au]). A practical laboratory procedure for the hydration of terminal alkynes with a gold catalyst has been published (Scheme 11).
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Scheme 11 Laboratory-scale alkyne hydration with gold(I) catalysts. 126 The complexes [Au(PPh 3 )(RCO 2 )] or [Au(PPh 3 )(RSO 3 )] have been proposed as catalyst precursors for hydration of terminal and internal alkynes in combination with boron trifluoride-diethyl etherate. 127 Of these, [(Ph 3 P)Au(C 2 F 5 CO 2 )] was the most active compound investigated (TOF up to 3900 h -1 for hydration of hex-3-yne in MeOH at 70°C), and is even reusable. 127 Cationic complexes of gold(I) incorporating heterocyclic imidazolylidene carbene ligands also hydrate hex-3-yne, 128 and the catalytic hydration of phenylacetylene by a porphyrin complex [Au(TPP)Cl] (TPP = tetraphenylporphine) was noted. 129 3.3.6 Other Elements: Zinc, Cadmium, Tellurium, Thallium
Considering the success of mercury(II) catalysts in alkyne hydration, studies of both zinc and cadmium salts were obvious pursuits. Kucherov had reported, as early as 1909, that aqueous solutions of zinc salts and cadmium salts mediate the hydration of 3-methylbut-1-yne within three hours at 150°C, and that acetylene reacted sluggishly. 52 In a more recent patent, the reaction with acetylene is carried out under a pressure of 22 atmospheres at 140°C (four hours) in solutions of zinc sulfate. 130 With regard to tellurium: in a somewhat isolated report, pmethoxytellurinic acid anhydride was shown to hydrate terminal alkynes selectively, in the presence of internal alkynes, in refluxing acetic acid (Scheme 12).
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Scheme 12 Methoxytellurinic acid as selective hydration catalyst. 131 Thallium(III) salts, such as the chloride, acetate and sulfate, catalyze the hydration of phenylacetylene in hot acetic acid. 132, 133 The reaction is relatively slow and more of academic interest, if one considers the toxicity of thallium compounds.
Anti-Markovnikov Hydration of Terminal Alkynes
Markovnikov selectivity had long been taken for granted in catalytic alkyne hydration. In 1986, Dixneuf and coworkers demonstrated that certain donor-stabilized ruthenium(II) complexes were able to catalyze anti-Markovnikov additions of carbamates to terminal alkynes, 134, 135 as a consequence of a reaction mechanism that proceeds by an alkyne-vinylidene tautomerization pathway. 136 This chemistry was successfully extended to ligand-controlled regioselective additions of carboxylic acids and other nucleophiles, 7 but anti-Markovnikov hydration of terminal alkynes could not have been considered a straightforward extension of the reaction principle. As mentioned in section 3.3.2, a mechanistic study had implied that hydration of alkynes by the vinylidene pathway would stop at the stage of ruthenium(II)-carbonyl complexes with poisoning of the catalyst (see Scheme 6). 79 It took more than 100 years from Kucherov's demonstration of metal-catalyzed
Markovnikov-selective alkyne hydration to the discovery of a predominant 137 anti-Markovnikov hydration reaction (Scheme 13). In the meantime, the best synthetic solution for anti-Markovnikov hydration of terminal alkynes was a hydroboration-oxidation sequence. In 1998, Tokunaga and Wakatsuki described the first antiMarkovnikov hydration catalyzed by ruthenium(II) complexes, which yielded aldehydes from terminal alkynes. 80, 138 The reactions were carried out in the presence of 10 mol% of [RuCl 2 (C 6 H 6 ){PPh 2 (C 6 F 5 )}] and 30 mol% of additional ligand PPh 2 (C 6 F 5 ) (Figure 1, A) in aqueous isopropanol from 65-100°C. Alkyl alkynes give aldehydes with selectivities (aldehyde/ketone) from 9:1 to 67:1, but phenylacetylene hardly reacts (< 2% conversion, selectivity 1:1). The water-soluble ligand P(m-C 6 H 4 SO 3 Na) 3 gave similar results. 80 NMR spectroscopy indicated release of the arene ligand under the reaction conditions, therefore the catalyst is presumably of the form [RuCl 2 (PAr 3 ) n ]. 80 In a further advance, Wakatsuki and co-workers found a remarkable increase in reaction rate and selectivity with complexes [CpRu(PR 3 ) 2 ]X as catalysts (Cp = h 5 -cyclopentadienyl; R = aryl, alkyl, bridging alkyl; X = Cl, nonnucleophilic counterion). 139, 140 These hydrations are best carried out with 2-10 mol% of [CpRuCl(dppm)] (dppm = bis(diphenylphosphino)methane; Figure 1 , B) in isopropanol-water (3:1) at 100°C and give the aldehydes in good to excellent yields after 12 hours. Ketones were no longer detected as side-products. The substrate scope included phenylacetylene and the bulky tert-butylacetylene (81% and 90% yield, respectively). Besides dppm, the best ligands (PR 3 ) 2 were dppe, PMe 3 , PMePh 2 , PMe 2 Ph and dppb. 141 In an accompanying patent, complexes [CpRu(L 2 )]X with incorporated chelating nitrogen ligands (L 2 ) were shown to be active in the hydration of oct-1-yne; 140 from among those tested, 2,2¢-bipyridine (52% conversion), phenanthroline (49% conversion), and PyBOX-i-Pr 142 (94% conversion) were the most successful. 140 The cationic complexes [CpRu(L 2 )(solvent)]PF 6 , with either phosphane or nitrogen ligands, were no more active than the corresponding neutral chloro complexes. 140 In 2001, Grotjahn and co-workers reported on the application of the principle of cooperative catalysis by the metal center and functional groups in the ligand sphere to antiMarkovnikov hydration. 143 A [CpRu(PR 3 ) 2 ] + fragment which incorporated a sterically demanding phosphinoimidazole ligand was synthesized and shown by X-ray crystallography to be an aquo complex with two hydrogen bonds from coordinated water to the nitrogen lone-pairs of the imidazolyl-phosphane ligands (Figure 1, C) . The catalytic hydration of hex-1-yne with complex C (2 mol%, acetone, 5 equiv H 2 O, 70°C) went to 92% conversion after 21 hours. The regioselectivity for aldehydes was usually ≥100:1.
143 While the X-ray crystal structure of the aquo complex amply demonstrates the principle of cooperative binding of a water molecule, the catalytic activity of C appeared not so much different from B (1 mol%, 100°C, 12 h, 95% yield), to imply that a different mechanism via cooperative catalysis was operating. However, this view changed when a direct kinetic comparison in acetone at 70°C showed that catalyst C is 90 times more active than B. 144 Furthermore, the Grotjahn group presented, in 2004, the complex [CpRu(Ph 2 P-Py-t-Bu) 2 (MeCN)]PF 6 (Figure 1, D ; S = MeCN) as an astonishingly active catalyst for anti-Markovnikov hydration of terminal alkynes which surpasses the activity of B by a factor of 1000, and operates even at room temperature (1-nonyne; 5 mol% D, 48 h, 99% conversion). 144 This enormous rate difference is not readily explained on the basis of simple steric and electronic ligand variations and is a strong argument for the occurrence of cooperative catalysis. Based on extrapolated kinetic data, the uncatalyzed hydration of non-1-yne in acetone with five equivalents of water at 70°C was estimated to posess a reaction half-life of >20 000 years, and the anti-Markovnikov hydration a half-life of >600 000 years. 144 Catalyst D therefore accelerates the hydration by a factor of >2.4 × 10 11 and changes regioselectivity by a factor of 300 000. These numerical values are comparable to the performance of enzymes. 144 Breit and Chevallier investigated the self-assembly of bidentate ligands through hydrogen-bonding association of monodentate subunits to the CpRu fragment. 145 On mixing the catalyst precursor [CpRu(MeCN) 3 ]PF 6 with 1:1 combinations of one of three phosphinoisoquinolones and one of three phosphinoaminopyridines (nine pairs), complex E emerged as most active and selective catalyst for anti-Markovnikonv hydration of terminal alkynes. Typical reaction conditions are: 2-10 mol% of E, aqueous acetone, 120°C (sealed tube), 26-96 hours, 65-91% yield. The regioselectivity was often higher than 99:1, though a few substrates capable of anchimeric assistance produced some ketone (maximum 13%). The hydration of a steroidal tertiary propargyl alcohol proceeded without elimination to an aldol (10 mol% E, 70°C, 124 hours, 61% yield; see substrates in Figure 2) . 145 With the aim of applying anti-Markovnikov hydration in organic synthesis, we were working towards developing alternative CpRu-based catalysts when the seminal work, by the Grotjahn group, on bifunctional catalysis with catalyst D appeared. 144 The problem of catalytic activity could be considered as solved for the time-being, but the availability of the catalyst in large amounts was problematic since the required phosphinopyridine ligand (F2, R = t-Bu) is synthesized in six steps and low overall yield. 146, 147 148 (C 10 H 8 = naphthalene) with two equivalents of a 6-aryl-2-diphenylphosphinopyridine ligand (F2; R = aryl) gave highly active catalysts for anti-Markovnikov hydration of terminal alkynes. 149 The in situ catalysts were formed from F1 and F2 by ligand exchange in hot acetonitrile solution, followed by evaporation. ESI-MS spectrometry and NMR spectroscopy confirm that complexes [CpRu(F2) 2 (MeCN)]PF 6 , analogous to Grotjahn's catalyst D, are formed. 149 Hydrations are then carried out in acetone (1-5 mol% [Ru], 45-65°C, 1-20 h, 69-99% yield). The size of R in ligands F2 was crucial in that the activity of catalyst F increased in the series Ph < Mes < t-Bu < 2,4,6-(i-Pr) 3 C 6 H 2 < 2,4,6-Ph 3 C 6 H 2 . The most active catalysts were faster than D by a factor of up to four at 60°C. The in situ catalyst with F2 (R = t-Bu) was almost as active as the pure complex D. 149 The experimental procedure for applying catalyst F was further simplified when it was noted that ligand exchange with F1 also takes place under the reaction conditions. 150 Catalytic reactions are now simply performed by mixing substrate, F1 (2-3 mol%), and F2 (4-6 mol%) in acetone containing five equivalents of water, and heating to 70°C overnight. In addition to phosphinopyridine ligands F2, a range of aza-arylphosphanes F3 (X = N, CH; R, R¢ = aryl, alkyl) have been synthesized and found to give very active in situ catalysts when combined with F1. 150 In addition to the above-described CpRu-based systems, complex [(Ind)RuCl(PPh 3 ) 2 ] (G) has been reported to catalyze alkyne hydration. 151 Under standard conditions [iPrOH-H 2 O (4:1), 90°C, 48 h], alkynes gave mixtures of aldehyde and ketone in ratios of 3:1 to 4:1, but in an aqueous solution of sodium dodecyl sulfate (or related tensides), aldehydes were formed with higher selectivity at 60°C (8:1 to 80:1). Unprotected propargyl alcohols are claimed to give aldols, but neither isolated yields nor characterization data for these rather unstable compounds have been given, thus one hopes for a continuation of these studies. 151 The hydration of secondary propargyl alcohols with CpRuCl(PMe 3 ) 2 The generation of a,b-unsaturated aldehydes from propargyl alcohols is not necessarily indicative of an antiMarkovnikov hydration, since those products are easily formed by a propargylic rearrangement (Meyer-Schuster reaction; see section 5.1.3). Even when b-hydroxycarbonyl compounds are isolated from a catalytic hydration, 153 they might result from an oxa-Michael addition to initially formed a,b-unsaturated aldehydes.
Substrate Range and Applications of Anti-Markovnikov Hydration
Aliphatic terminal alkynes are hydrated by all catalysts in Figure 1 . Slow reactions occur with bulky substrates, as is evident with tert-butylacetylene. 80, 143 Hydration of aromatic alkynes generally proceeds more slowly and is not satisfactory with some catalysts (A, C), though good results at the 1-2 mol% level are obtained with catalysts D and F. Nitrophenylacetylene is a problematic substrate. 144 The activity of anti-Markovnikov hydration catalysts appears to be limited to terminal alkynes, since hydration of an internal alkyne has not been reported.
The functional group tolerance is broad (Figure 2 ). Typical oxygen functionality like ketones, esters or malonates are compatible. As a result of the mild reaction conditions with catalysts D and F, even TBS ethers or THP acetals are tolerated in a substrate. 143, 144, 149 A nitrile group may slow down catalysis by competitive binding, 139, 144 but bketoesters, potential ligands for ruthenium(II), are readily hydrated. 149 An application of considerable synthetic relevance would be the hydration of propargyl alcohols to aldols, 144, 151 but propargyl alcohols are often found to undergo Meyer-Schuster rearrangements with antiMarkovnikov hydration catalysts. 144, 152 In spite of specific examples, 145 ,151 the problem of aldol synthesis via anti-Markovnikov hydration cannot yet be considered solved for the most interesting substrates, namely enantiopure secondary propargyl alcohols. The hydration of TBS-or THP-protected propargyl alcohols has been realized for propargyl aclohol itself 143, 144 and the resulting O-protected derivatives are very useful for synthetic applications. Basic nitrogen functional groups (such as tertiary amines) are not tolerated, but amides, 145 imides, 145 and sulfonamides 144, 154 can be hydrated. We have recently hydrated secondary prop-2-yn-1-yl-N-tosylamides with catalysts F and obtained b-amidoaldehydes without elimination (Scheme 14a).
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Scheme 14 (a) Synthesis of b-amidoaldehydes by anti-Markovnikov hydration. F2 = 6-(2,4,6-triphenylphenyl)-2-diphenylphosphinopyridine. 155 (b) Sequential iterative synthesis of oligo-1,4-diols; F2 with R = tert-amyl was used as principal ligand for catalyst F. 154 The reactions were also performed under conditions of microwave irradiation and gave the products in very short reaction time. We have studied the application of antiMarkovnikov hydration in multistep syntheses and have developed an iterative sequential strategy for the synthesis of oligo-1,4-diols by (a) addition of allenylzinc bromide to an aldehyde, (b) O-protection of the resulting homopropargylic alcohol, and (c) anti-Markovnikov hydration to give an elongated aldehyde (Scheme 14b). Starting from benzaldehyde, up to four iterative cycles of propargylation and hydration led to a hexadecynoic acid derivative, which is intended to be a substrate for natural-product-like macrolactone synthesis. 
Enzymatic Hydration of Alkynes
Enzymes that catalyze the hydration of alkynes are hydrolyases (EC 4.2.1) (alternatively: hydrases, hydratases). An acetylene hydratase has been isolated from Pelobacter acetylenicus which feeds anaerobically on acetylene as the sole carbon source. 156 The enzyme is a tungsten ironsulfur protein requiring a strongly reducing environment, 156, 157 but the reaction mechanism is presently unknown. 158 A model tungsten complex that imitates the catalytic activity of the enzyme has been prepared (see section 3.3.1). An enzyme for hydration-decarboxylation of acetylene dicarboxylic acid to pyruvic acid has been described, 159 as has a hydrase that converts acetylenemonocarboxylic acid into malonic acid semialdehyde. 160 The regioselectivity of water addition with these substrates corresponds to that of a nucelophilic addition mechanism. Enzymes for the hydration of propiolic substrates need not be highly specific. The preparatively useful hydration of 2-alkynoic esters of coenzyme A to 3-ketoacyl-CoA derivatives is mediated by crotonase, 161 which normally catalyzes the addition of water to enoylCoA, i.e. an alkenoyl substrate. Crotonase also hydrates the nonconjugated alkyne 3-octynoyl-CoA, 162 presumably via isomerization to a 2,3-allenoyl intermediate. A chloroacrylic acid dehalogenase adds water to several activated alkynoyl substrates. Figure 1 and Scheme 13). 
Brønsted Acid Catalyzed Hydration
Acid-catalyzed hydration proceeds by protonation of the carbon-carbon triple bond, followed by fast addition of water to generate an enol. [164] [165] [166] The strong kinetic dependence on the cation-stabilizing ability of alkyl or aryl substituents connected to the triple bond, together with a kinetic isotope effect (H 2 SO 4 /D 2 SO 4 ) of ~2 is taken as indication of rate-determining protonation of the alkyne to generate a vinyl cation.
165, 166 Under conditions of photoexcitation, alkynes hydrate more readily, because the excited state is of higher basicity than the ground state. 43 The reaction then proceeds in dilute acid, and the enol intermediate could be observed spectroscopically. 
Mercury-Catalyzed Hydration
The current picture of the mechanism of the Kucherov reaction is relatively simple, but several aspects are not known in detail. At least a single free coordination site on the mercury cation is needed in order to form a short-lived p-complex with the substrate (Scheme 15, I). The Markovnikov selectivity observed in most alkyne hydrations is explained by steric and electronic arguments; the better stabilization of a partial positive charge at the internal alkyne carbon (larger s-donor effect of R vs H), as well as the steric repulsion between metal ion and alkyl group R, favor an attack at the inner alkyne carbon atom. 7 Water then attacks the triple bond to form, presumably, a b-hydroxyethynylmercury species (II). Judging from related acetoxy mercurations, where organomercurial addition products can be isolated, the addition step is often anti stereoselective, though syn adducts have sometimes been obtained. 168 In the case of hydration, compounds II have neither been isolated nor characterized spectroscopically. An acidmediated hydrodemercuration takes place (II → IV, maybe via III), and this step might be rate-determining, based on measured deuterium isotope effects of 5 (reaction in D 2 O with D 2 SO 4 , Hg 2 SO 4 ). 169 Curiously, a-mercuriated carbonyl compounds (Scheme 15, III), which are well characterized and for which X-ray crystal structure determinations exist, 170 have been little considered in mechanistic discussions. It is assumed that the reaction product is initially released as an enol (IV), before tautomerizing to the final product, though enols have not been directly observed.
Other-Metal-Catalyzed Markovnikov Hydrations
The mechanistic scheme for hydration of alkynes with other metal catalysts is superficially similar to that with mercury (Scheme 15), with subtle differences due to the relative stabilities of the catalytic intermediates. Transition-metal ions with a partially filled d-electron shell form stable p-complexes with alkynes; the attack of water to the coordinated substrate then becomes rate-determining, and there is neither acceleration by acids nor a primary deuterium kinetic isotope effect. 87 Whether this picture is transferable to gold(I)-catalyzed hydrations is unclear. The addition of water to alkynes is often selective, even in the presence of excess of alcohol or carboxylic acid, thus there might be a specific addition mechanism for water. 103 On the other hand, hydration catalysts often add alcohols to alkynes in the absence of water, sometimes after slight modification of reaction conditions.
A theoretical study on transition-metal-catalyzed alkyne hydration has investigated pathways of the Rh-catalyzed alkyne hydraton along the lines of the above discussion. In summary, the mechanism of metal-catalyzed alkyne Markovnikov hydration can be rationalized in a simple scheme (see Scheme 15) , though details of the mechanistic pathway are not properly understood.
Mechanism of Ruthenium-Catalyzed Anti-Markovnikov Hydration
Anti-Markovnikov products cannot be obtained along a simple electrophilic activation pathway as discussed above, so these products must emerge by a competing and fundamentally different mechanism. In analogy to the mechanism for alkyne splitting by water (Scheme 6), a first mechanistic proposal for anti-Markovnikov hydration of alkynes assumed addition of water to a vinylidene intermediate, generating a metal-acyl species, which would undergo protonolysis of a carbon-metal bond to release aldehyde (Scheme 17). This mechanism satisfactorily explained the generation of aldehydes, but it failed to correctly predict the result of deuterium marker experiments, which revealed that the terminal alkyne hydrogen remains connected to C-1 of the product aldehyde (Scheme 18).
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Scheme 18 Crucial deuterium incorporation experiments.
Wakatsuki and co-workers therefore proposed a new mechanism, where external attack of an alkyne p-complex by H + leads to a vinyl-ruthenium(IV) species, which is stabilized by a 1,2-shift of hydrogen (deuterium) to the metal (Scheme 19). Addition of OH -to the vinylidene ruthenium(IV) complex and tautomerization leads to a ruthenium(IV) hydrido-acyl complex that reductively eliminates aldehyde. 172 The new mechanism is consistent with the deuterium marker experiments and has been backed up by DFT calculations. 172 Several questions remain to be answered, though: Why is an external protonation taking place in an almost neutral reaction medium, under conditions where the p-alkyne-vinylidene equilibirum is apparently well established? Likewise, it is notable that the hydrido ruthenium(IV) species does not exchange protons [by loss of H + to give a ruthenium(II) species] with the solvent, ending up in the 'conventional' catalytic cycle (Schemes 17 and 6) that leads to decarbonylation. The recent introduction of bifunctional catalysts by Grotjahn and co-workers with their spectacularly accelerated reaction kinetics 143, 144, 173 provides an important test-case for mechanistic postulates, since any mechanistic scheme should also be capable of explaining the accelerations induced by the phosphinopyridine ligands. Grotjahn notes that pyridylphosphanes with large substituents R in position C-6 are required for anti-Markovnikov hydration catalysis (Figure 3a) , whereas small R groups block the catalyst by a P,N,P coordination mode (Figure 3b) , and the simple pyridylphosphine (R = H) undergoes irreversible addition to ruthenium-coordinated alkyne. In a preliminary account on the mechanism of bifunctional hydration catalysis, Grotjahn suggests that the nitrogen lone-pairs of the pendant pyridyl units serve as general acid (NH + form) and base catalysts for the initial alkyne protonation that leads to the ruthenium(IV)-vinyl species in the Wakatsuki mechanism (Scheme 19). 173 Unrelated research on catalytic H/D exchange with [CpRu(phosphi- nopyridine) 2 ] + fragments also hints at a specific role of the pyridine lone-pairs in activating weakly acidic substrates. 174 In any case, the riddle of the mechanism of antiMarkovnikov hydration is not yet solved, but fascinating results can be expected in the near future!
Substrate Spectrum and Selectivity of Catalytic Alkyne Hydration
In this section, applications of alkyne hydration catalysts towards classes of substrates are discussed systematically. The number of application examples in the literature is very large and only a small selection could be included. Alkynes bearing heteroatoms directly at the alkynyl carbon have a special reactivity of their own and will not be considered in the present review.
Markovnikov Hydration Catalysis
The discussion of the substrate scope and selectivity is based on a large part on results that have been obtained with mercury(II) catalysts, because these have been used most often in the past. Other catalysts with a basic Markovnikov selectivity will often perform similarly. In general, hydration of terminal alkynes is compatible with a wide range of functional groups, as is summarized in the following sections.
Terminal Alkynes Bearing Carbon Functionality
Non-functionalized terminal alkynes are hydrated to methyl ketones, the exception being acetylene which gives acetaldehyde. The regioselectivity is rather high and aldehydes are hardly ever reported as side-products. Of the cycloalkyl alkynes, ethynyl cyclopropanes have been hydrated without rearrangement in many cases (Scheme 20), 175 but partial or full ring opening occurred in others. 176 Hydration via acetalization using the HennionNieuwland catalyst and ethylene glycol, followed by hydrolysis of the intermediary dioxolane, was successful. Ethynyl cyclobutanes can also be hydrated.
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Scheme 20 Hydration of ethynyl cyclopropanes. 175 The presence of a non-conjugated alkene unit is tolerated, and hydration is selective over oxy-mercuration of alkenes (Scheme 21). 178, 179 In the case of conjugated enynes, an a,b-unsaturated methyl ketone is formed, which can undergo in situ addition of water or alcohols. These reactions have been applied in industry: vinyl acetylene yields methyl vinyl ketone 180 and 3-methylbut-3-en-1-yne yields methyl isopropenyl ketone (Scheme 22a). 181 In the presence of water and alcohols, vinyl acetylene reacts to produce a range of 4-alkoxybutan-2-ones (Scheme 22b), 182 whereas water alone adds to give aldol derivatives.
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Scheme 22 (a) Vinyl ketones from vinylacetylenes. 181 (b) Aldol derivatives from hydration of vinyl acetylene. 182 The conversion of conjugated enynes into a,b-unsaturated ketones is synthetically valuable and has been applied to advanced synthetic intermediates (Scheme 23).
184,185
Scheme 23 Alkenyne hydration on advanced intermediates: (a) from the total synthesis of dysidiolide; 184 (b) from the total synthesis of tetrodotoxine. 185 These reactions are, in principle, also mediated by acids alone (e.g., formic acid), but in connection with the Ruppe rearrangement, where the enyne is initially formed by acid-mediated elimination from a propargyl alcohol (section 5.1.3). Nonconjugated a,w-dialkynes are hydrated to diketones, 186, 187 see Scheme 11 for catalysis by gold(I). The hydration of a terminal alkyne in the presence of an internal alkyne was performed selectively with mercury(II) oxide-boron trifluoride-methanol, in cases where a mercury(II) sulfate catalyst gave mixtures of diketones. 188 Tellurinic acid anhydride acts as a selective hydration catalyst for terminal, in the presence of internal, alkynes (Scheme 12). 131 For the concomitant hydration of termi-
Scheme 21 Alkyne hydration in presence of alkenes.
nal and internal alkynes, see section 5.1.8. The selective hydration of the terminal alkyne unit in a conjugated dior tri-alkyne has only been described in a few examples (Scheme 24). 189, 190 Diacetylene (butadiyne) is hydrated to butan-2,3-dione (diacetyl) by means of the HennionNieuwland catalyst, via a dioxolane.
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Scheme 24
The selective hydration of a terminal alkyne in a conjugated dialkyne or trialkyne is difficult to control. 189 
Terminal Alkynes Bearing Oxygen Functionality
The hydration of propargyl alcohols (available by acetylide addition to carbonyls) is one of the most popular applications of alkyne hydration of all, because it gives ahydroxyketones in a straightforward manner. Analysis of the sequence carbonyl → propargyl alcohol → hydroxycarbonyl reveals that the acetylide anion is an acyl anion equivalent (Scheme 25).
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Scheme 25 The acetylide anion as an acyl anion equivalent.
Propargyl alcohol gives hydroxy acetone and but-1-yn-3-ol acetoin (3-hydroxybutanone). 25e The reaction is applicable to enantiopure secondary propargylic alcohols (Scheme 26) 193, 194 including C-silylated derivatives, which are deprotected in situ. 195 On the other hand, the hydration of propargyl alcohols is often accompanied by two acid-mediated propargylic rearrangements, namely the Meyer-Schuster and the Ruppe rearrangements 196 which concern changes in the oxygen-substitution pattern, but not the carbon skeleton (Scheme 27).
The acid-mediated generation of a propargyl cation (I) is followed by either addition of water to give an allenol (I → II) that tautomerizes to the Meyer-Schuster product, an a,b-unsaturated aldehyde (from terminal alkynes). Alternatively, if I eliminates to vinyl alkyne III, reprotonation can lead to alkylidene-allyl cation IV, to which the addition of water results in an a,b-unsaturated ketone, the Ruppe product.
Scheme 27
The Ruppe and Meyer-Schuster rearrangements.
Both products might principally result from one substrate, but in practice, Meyer-Schuster products are obtained either from propargyl cations (I) that cannot undergo elimination for lack of b-hydrogens, or by use of specific metal catalysts. 197 Otherwise, Ruppe products are formed under usual, acidic conditions. The Ruppe and Meyer-Schuster rearrangements can indeed interfere with the hydration of propargyl alcohols, as is seen with gold(I) catalysts (section 3.3.5). 120, 121, 125 However, the experience with mercury(II) catalysts is that even sensitive substrates are hydrated with high yields (Scheme 28a). 198 The hydration product of ethynylated camphor is a useful chiral auxiliary for acetate aldol reactions (Scheme 28b) with high diastereomeric excesses. 58, 199 Literature reports on ring-expansions of ethynylated steroids 200 imply that rearrangements might interfere with certain tertiary substrates. In such cases, stoichiometric amounts of mercury (sulfon)amide complexes are recommended to bring about the reaction without rearrangement (Scheme 29). 65 The hydration of propargylic alcohols (or esters) is also the standard method for setting up the a-hydroxy-acetylcyclohexane fragment in syntheses of tetracycline natural products (Scheme 30). 201, 202, 203 Scheme 30 Alkyne hydration in tetracycline synthesis.
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Since a-hydroxyketone synthesis is a major application of mercury-catalyzed hydration in synthesis, it would be desirable to have less toxic alternative catalysts for this reaction. A range of metal salts has been tested in the hydration of 2-methylbut-3-yn-2-ol, but satisfactory results were only obtained with copper(II) trifluoromethanesulfonate or copper(II)/Nafion, and the reaction times were very long (>70 h). 78 As mentioned above, gold(I) catalysts give Meyer-Schuster side-products whereas sodium tetrachloroaurate(III) was unreactive towards propargyl alcohols. 97 Homopropargyl alcohols have been hydrated to aldol derivatives, 204 and the reaction is suitable for enantioenriched compounds (Scheme 31). 1-Alkyn-5-ols can be hydrated via hydroalkoxylation with silver carbonate and hydrolysis of the intermediary heterocycle. 117 Remote alcohols do not interfere with hydration. 56 Propargyl ethers also hydrate well (Scheme 32), [205] [206] [207] and the reaction has often been used to prepare acetonyl ethers from propargyl ethers, like methoxy acetone 25e or higher derivatives. Homopropargyl ethers bearing a stereogenic center give aldol derivatives on hydration (Scheme 33). 59 The example features the use of weakly acidic conditions. The catalyst combination chloro(triphenylphosphine)gold(I) [AuCl(PPh 3 )]/silver hexafluoroantimonate(IV) in wet dichloromethane, or simply sodium tetrachloroaurate(III), also hydrate the triple bond of homopropargyl ethers, but at the same time induce reversible b-elimination.
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Scheme 28 (a) Sensitive propargyl alcohols can be hydrated without rearrangements.
198 (b) Hydration of a camphor-derived propargyl alcohol gives a useful chiral auxiliary. 58, 199 P
Scheme 33 Hydration of an a-propargyl tetrahydropyran. 59 PPTS = pyridinium p-toluenesulfonate. The epoxide of an ethynyl oxirane 209 and also peroxide groups 210 are tolerated in alkyne hydration. Aldehydes can be present in the starting material. 56, 211 Several acetal groups, including the tetrahydropyranyl (THP) 60 protecting group, survive hydration reactions. Ketones are obviously not problematic. If the less active palladium(II) catalysts are used, the presence of a ketone (or an alcohol) is even required, because the reaction proceeds via anchimeric assistance (Scheme 34) 96 The hydration of a-propargyl ketones is part of a cyclopentenone annulation sequence (ketone → a-propargylketone → 1,4-diketone → cyclopentenone) that has found much use in synthesis (Scheme 34b). Non-enolizable b-diketones 64 or b-keto esters or malonates 214 bearing an a-propargyl substituent are readily hydrated; the Hennion-Nieuwland acetalization catalyst has been used. 62a Unprotected carboxylic acids are also hydrated, 64, 215 as are carboxylic acid esters. A fivemembered-ring lactone was hydrated to give either of two epimeric products, depending on the reaction conditions (Scheme 35).
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Scheme 35 Stereoselective hydration of a lactone. 216 With regard to conjugated alkynones and propiolates, propiolyl compounds without substitution at the alkyne unit are hydrated with Markovnikov selectivity (Scheme 36), 217 implying that the p-acceptor influence is overridden by the carbon-hydrogen versus carbon-carbon bond donation argument; the outcome is different with internal alkyne substrates (section 5.1.9). 218 are hydrated to regular acetyl products, even with strongly p-accepting heterocycles that otherwise readily undergo base-catalyzed conjugate addition of methanol in the inverted sense (Scheme 37a). 218a A sequence of Sonogashira coupling with trimethylsilylacetylene followed by catalytic hydration is therefore a general method for acetylating heterocycles. 218 Amines have been hydrated in acidic media (Scheme 37b), 219, 220 and propargylamines give a-aminoketones. 219, 221 Scheme 37 Hydration of nitrogen bases: (a) ethynylquinoline; 218a (b) hydration of a tertiary amine in mineral acid solution. 220 Propargylamides react readily because of anchimeric assistance of the amide group. They have been hydrated without a catalyst in water at 150°C, 222 in dilute sulfuric acid at 60°C (Scheme 38a) 223 or by a range of metal catalysts. 116 Nitriles are tolerated by the mercury(II) oxidesulfuric acid reagent, 224 as are nitro groups, 225 anthraquinone imines, 226 and diazo ketoesters. 60 Hantzsch esters were hydrated without catalyst decomposition by reduction. 
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Terminal Alkynes Bearing Sulfur Functionality
Propargyl thioethers are hydrated under the usual conditions with mercury catalysts. 228 The hydration of tertiary propargyl alcohols in acetic acid in the presence of a thiol leads to a-alkylthioketones (Scheme 39). 229 Hydrations have also been performed in the presence of sulfoxides 230 and sulfones (using the Hennion-Nieuwland catalyst).
231
Scheme 39 Hydration of sulfur-containing substrates. (a) Ref. 228 (b) Ref. 229 
Terminal Alkynes Bearing Halogen and Other Functionality
The hydration of trifluoropropyne is notable because ketone-to-aldehyde ratios of 2:1 232a or 85:15 232b have been observed, as a result of the inductive effect of the trifluoromethyl group. Other alkyl halogenides give regular results. 233 1-Bromo-and 1-iodoalkynes are hydrated to ahaloketones. The regioselectivity of hydration of non-symmetrical dialkyl alkynes with an aqueous mercury(II) catalyst has been investigated, 236 and complementary information for platinum(II) catalysts is available. 103 From these results (Figure 4 ), it appears that the oxygen of water usually adds to the acetylene carbon which bears the more branched alkyl group, which is in line with steric and electronic effects (section 4), though exceptions (such as i-Pr vs Me) exist, and medium-and ligand-effects are also important. In any case, high regioselectivity is typically not achieved. The upcoming sections present many examples where regioselectivity is achieved by virtue of functionality within the substrate. 
Internal Alkynes Bearing Carbon Functionality
A bicyclic alkynyl cyclopropane was hydrated regioselectively, as a result of the cation-stabilizing property of the cyclopropyl group (Scheme 41a). 237 Nonconjugated alkenynes are sometimes hydrated with high regioselectivity, perhaps owing to pre-coordination of the metal catalyst (Scheme 41b).
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Scheme 41 Regioselective hydration of internal alkynes induced by carbon functionality. (a) Ref. 237 (b) Ref.
Nonconjugated di-and tri-alkynes are hydrated with high regioselectivity in a cascade reaction (Scheme 42) that leads to 1,4-diketones and 1,4,7-triketones. 239 An initial Markovnikov hydration of the terminal alkyne is followed by carbonyl-group-directed regioselective internal hydrations (see below). Conjugated internal dialkynes are hydrated by concentrated sulfuric acid. 240 An a,b-unsaturated ketone is initially formed at low temperatures and further hydrated to a 1,3-diketone (Scheme 43). 240 A mercury catalyst directly leads to a mixture of 1,3-diketone with a little 1,4-diketone. Higher (tri-and tetra-) alkynes react sluggishly. 240 The regioselectivity of the acid-catalyzed route is due to resonance stabilization of the conjugated carbocation, followed by a 1,4-addition.
Scheme 43 Hydration of an internal diyne. 240 Terminal alka-1,3-diynes are doubly hydrated to alka-2,4-diones; the reaction is initiated by regioselective hydration of the terminal alkyne unit. 190 Butadiyne-ketone adducts undergo the Ruppe rearrangement in formic acid, followed by an acid-catalyzed conjugate hydration to a 2,4-dione (Scheme 44). The mercury(II)-catalyzed hydration leads to a furanone instead. 241 The acid-mediated reaction sequence was used in the synthesis of a dinoflagellate metabolite (Scheme 44, inset).
241
Scheme 44 Buta-1,3-diyne-carbonyl adducts give unsaturated diones by Ruppe rearrangement and conjugate hydration. 241 The hydration of internal mono-and di-alkenyl alkynes has been studied intensively by Nazarov and co-workers, and later, by others. [242] [243] [244] A single alkenyl group directs the attack of OH to the alkyne carbon to which it is attached. In doubly alkenyl-substituted alkynes, OH adds to the carbon which bears the higher substituted alkenyl group (Scheme 45a,b). 242 The resulting alkenyl ketones can further add water or alcohols from the reaction medium (Scheme 45b). 242, 243 By acid-catalyzed elimination, such adducts have been converted into bis-a,b-unsaturated ketones, and in the course of such studies, a new reaction was discovered: the Nazarov cyclization of dialkenyl ketones to cyclopentenones (Scheme 45c)! 243, 244 Scheme 45 Hydration of alkenyl alkynes, and secondary reactions. Alcohols exert a profound influence on the regioselectivity of hydration of internal alkynes by electronic and neighboring group effects; oxygen heterocycles can be intermediates, and the reaction is best carried out using Utimoto's palladium(II) catalyst, which does not catalyze the direct hydration of triple bonds. 94 Both alk-3-yn-1-ols and alk-4-yn-1-ols selectively give 4-ketoalcohols by intermediacy of dihydrofurans and derived hemiacetals, whereas 5-alkynols give 5-ketoalcohols by intermediacy of dihydropyrans (Scheme 46).
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Scheme 46 Regioselective hydration of alkynols.
The reaction has found several applications, 94, 95, 98, 245 as in the synthesis of a peach moth sex pheromone (Scheme 47). 245 4-Arylbut-3-yn-1-ols can be prepared by the Sonogashira coupling of aryl bromides with but-3-yn-1-ol and a palladium catalyst; work-up of the reaction mixture with aqueous hydrochloric acid in air is accompanied by hydration of the triple bond, presumably by the catalytic action of palladium(II) chloride. 95 , 246 An important family of substrates are the but-2-yne-1,4-diols, available from double addition of acetylene to carbonyl compounds. 25d The parent but-2-yne-1,4-diol is catalytically rearranged to hydroxymethyl vinyl ketone (Scheme 48), 25e which is either distilled from the reaction solution, or hydrated further to butan-2-one-1,4-diol.
25e, 247 In the presence of alcohols, 4-alkoxy-1-hydroxybutan-2-ones are formed.
25e,248,249 Cationic gold(I) also catalyzes the latter reaction efficiently (5500 turnovers).
123b A technical synthesis of histamine was developed based on but-2-yne-1,4-diol hydration (Scheme 48). Scheme 48 Products from hydrative rearrangements of but-2-yne-1,4-diol.
25e, 248, 249 With substituted but-2-yne-1,4-diols, the reaction takes a different course and releases alkylated furan-3-ones (Scheme 49).
25e, [250] [251] [252] [253] Strictly speaking, the overall reaction is not a hydration, but a (cyclo)isomerization. Unsymmetrical diols give mixtures of regioisomers, but if one alcohol is primary and the other tertiary, high regioselectivity can be achieved (Scheme 49b). 252 The regioselective hydration of internal alkynes bearing ethers or thioethers was investigated with a platinum(II) catalyst [Zeise's dimer, {PtCl 2 (C 2 H 4 )} 2 ] ( Figure 5) . 103 Remote ether groups affect regioselectivity by precoordination of the catalyst, placing the metal center 'closer' to one alkyne carbon. The results are in line with a higher coordinating power of a methyl ether over an ethyl ether, or of a thioethyl ether over an ethyl ether donor. The s-acceptor effect of the alkoxy group may play an important role in propargyl ethers.
103
Figure 5
Regioselectivity of hydration with Zeise's dimer as catalyst. Arrows and numbers indicate site and extent of attack by OH. 103 Nonconjugated alkynyl aldehydes and ketones are often hydrated regioselectively through anchimeric assistance, via heterocyclic intermediates (Scheme 50). 94, 254 Alkynes that are separated by two methylene units from a carbonyl (acyl) group give 1,4-diketones on hydration with a mercury(II) catalyst, whereas alkynes separated by three methylene units give 1,5-diketones. 254 The former reaction, via a kinetically favored five-membered ring intermediate, is faster than the latter, and the latter faster than hydration without anchimeric assistance. 254 The protocol has been applied to a synthesis of cis-jasmone, 254b and to other cases (see Scheme 42) .
213,239
Utimoto and co-workers found that the same type of regioselective hydrations are also catalyzed by palladium(II) chloride and, with lower selectivity, by sodium tetrachloroaurate(III). 96, 97 Cyclohexanones bearing aalkynylalkyl substituents gave the expected 1,4-ketones as hydration products, but cyclopentanone derivatives gave 1,5-diketones instead (Scheme 51). Hydrations of Scheme 47 Synthesis, via hydration, of a peach moth pheromone. b,g-acetylenic ketones usually lead to furans, unless the aposition of the ketone is blocked by a non-hydrogen substituent. 97 Further applications of the palladium(II)-catalyzed protocol have been reported.
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Scheme 51 Regioselective hydrations of cycloalkanones bearing exocyclic alkynes. 96 Internal alkynes bearing a p-accepting substituent (e.g., a carbonyl group) are always hydrated in the sense of a conjugate addition to give b-keto compounds, or products derived therefrom. The reaction is mediated by concentrated 255 260 By far the most common method to hydrate p-acceptor alkynes, including propiolic acid derivatives (amides, esters, nitriles), is the Moureu method, which is a stoichiometric conjugate addition of primary or secondary amines (hydroamination), followed by an acid-mediated hydrolysis of the intermediary enamine (Scheme 53). 49, 50, 51 This mild method has seen many applications (Scheme 53), also in total synthesis (Scheme 53b,c). Scheme 53c shows a remarkably mild hydration of a p-acceptor aryl-substituted alkyne. 51 Related alternative methods to the Moureu procedure include the base-catalyzed addition of ethylene glycol to p-acceptor alkynes that leads to hydrolyzable dioxolanes (Scheme 4), or the basecatalyzed conjugate addition of oximes to alkynoates, followed by a base-mediated elimination; this method does not require acidic conditions at any stage. 261 
Internal Alkynes Bearing Nitrogen and Other Heterofunctionality
Alkynes bearing an amine functionality are hydrated regioselectively with the OH group adding to the alkyne carbon that is more remote from the amino group; this may be due to the strong inductive effect of the ammonium group. 262 The reaction is very useful for propargylamines, 262 which can eliminate to vinyl ketones 263, 264 (Scheme 54a) that serve as Michael acceptors in Robinson-annulation-type steroid syntheses (Scheme 54b). (b) Michael addition with an in situ generated vinyl ketone. 264 
Hydration of Internal Aryl Alkynes
The aryl substituent directs attack of water to the pseudobenzylic position (the carbon it is bound to) in internal alkynes. Hydration with acid catalysts proceeds with relative ease, 41 especially if the arene bears p-donor substituents; hydration is then mediated by p-toluenesulfonic acid in hot ethanol (Scheme 55a), 33 formic acid (Scheme 3), 42 aqueous trifluoroacetic acid 40 or the reagent sodium sulfide-hydrochloric acid-methanol. The metal-catalyzed reaction also proceeds with ease for electronically activated substrates, 265 but the electronic influence of an arene is overridden by the directing power of an anchimeric carbonyl group (Scheme 55b). 213, 266 If an alkyne is substituted by two aryl groups, water adds next to the more electron-rich group. 33,267b 5.1.12 Hydration of Internal Hetaryl Alkynes A range of donor-substituted hetaryl alkynes undergo regioselective hydration to hetaroylketones under mild conditions, for example in aqueous trifluoroacetic acid (TFA; Scheme 56) 40 or in p-toluenesulfonic acid-methanol, 268 by the reagent sodium sulfide-hydrochloric acid-methanol, 35 and also under mercury(II) catalysis.
269
Scheme 56 Hydration of an indolyl-alkyne in trifluoroacetic acid.
40a
On the other hand, electron-poor, strongly p-accepting internal hetaryl-alkynes, such as pyridines and quinolines, display an inverted regioselectivity of hydration.
267b,270
The importance of the p-accepting/donating substitution pattern is illustrated by an example from the isoxazole series (Scheme 57).
267
Scheme 57 Variable regioselectivity of hydration due to different p-donor/p-acceptor substitution patterns. 
Anti-Markovnikov Hydration Catalysts
The substrate range and applications of anti-Markovnikov hydration catalysis are discussed in section 3.4 along with the catalysts, for convenience.
Reactions Related to Catalytic Alkyne Hydration
Apart from the straightforward catalytic hydration reactions, a range of transition-metal-catalyzed hydrative coupling reactions of two alkynes with one molecule of water, or of an alkyne, an acceptor alkene and one molecule of water, have been described recently (Scheme 58).
271-273
The example (a) in Scheme 58 can be analyzed as a Markovnikov-type hydration, followed by conjugate addition of the intermediary ruthenium enolate to an enone, 273a whereas in example (b), a ruthenium-acyl species derives from an initial anti-Markovnikov addition pathway, before it is quenched by an intramolecular conjugate addition. 273c These reactions follow defined donor/ acceptor patterns, but in cyclization (b) , two alkynes probably react via a ruthenacycle mechanism. 273b An intramolecular rhodium-catalyzed version, which couples two terminal alkynes and one water to give an a,b-unsaturated ketone, has also been realized. 272 The intramolecular hydration/cyclization of ene-1,2-diynes represents a remarkable synthesis of phenols (Scheme 58d). 273d These few examples of hydrative coupling reactions merely illustrate the potential of such methods for applications in synthesis, as a detailed treatment is out of the scope of this review article.
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Conclusions and Outlook
Alkynes can be hydrated catalytically to give synthetically useful carbonyl compounds. The reaction has an enormous potential for synthesis, and its importance will probably grow further in the context of sustainable chemistry, since catalytic hydrations can generate products in a fully atom-economic way from unsaturated hydrocarbon feedstocks and water.
It cannot be denied that Kucherov's original catalyst is currently still the best developed and most generally applicable for Markovnikov hydration of terminal and internal alkynes, with a remarkable functional group tolerance. There is clearly a need for new, widely available and environmentally more tolerable catalysts. Research has shown that many metal and acid catalysts will hydrate alkynes under suitable conditions. Already, palladium(II) catalysts are preferred over mercury(II) catalysts for regioselective hydrations of internal alkynes with anchimeric assistance. Currently, the best-developed non-mercurial catalysts for Markovnikov-selective alkyne hydration are cationic gold(I) species, followed by gold(III) and platinum(II) catalysts. Considering the very high catalytic activity of cationic gold(I) complexes, they are certainly capable of replacing mercury(II) in many applications; the commercial availability of the catalyst precursor [AuMe(PPh 3 )] is helpful in that respect. 274 A major problem in Markovnikov hydration chemistry currently is the lack of a highly active and selective non-mercurial catalyst for the hydration of propargyl alcohols to ahydroxyketones.
Additional research will be needed to find new principles for catalyst-(rather than substrate-) controlled regioselective hydrations of internal alkynes. Additional theoretical and experimental studies on the mechanism(s) of metalcatalyzed hydration will also be welcome.
Catalytic anti-Markovnikov hydration of terminal alkynes is a new and very promising reaction with many potential applications in organic synthesis. Intriguingly, mechanistic aspects are not yet fully clarified. Within only a few years of the discovery of the reaction, new catalysts with astonishing levels of activity and selectivity have been developed. Studies on the use of anti-Markovnikov hydration in synthesis have just begun. It will be interesting to see whether metals other than ruthenium(II) can catalyze the reaction.
Finally, the potential of hydrations, catalyzed or mediated by water, acids or bases, in the absence of any metal catalyst, should be kept in mind. Astonishingly mild reaction conditions have been found for the hydration of suitably activated donor or acceptor substrates. 
